The ubiquitin-proteasome system (UPS) is the main pathway for the nonlysosomal degradation of intracellular proteins, representing upwards of 80% of all intracellular proteins. A key component of the UPS is the 26S proteasome, a macromolecular multisubunit complex that has the responsibility of recognizing, unfolding, and the ultimately destroying proteins that have been tagged by polyubiquitin chains generally at the -NH 2 group of an internal substrate lysine residue. This is a multistep process that has been reviewed in detail elsewhere. 1, 2 What has become clear is that the rapid destruction of these proteins, some with high biological activity, actually represents a form of regulation of cellular processes. The UPS is now recognized as a regulator of the cell cycle and cell division, 3 immune response and antigen presentation, 4 apoptosis, 5 and cell signaling. 6, 7 Moreover, the UPS plays critical roles in protein quality by removal of damaged, oxidized, and/or misfolded proteins. 8, 9 Ciechanover et al 10 have aptly referred to this process as "biological regulation via destruction." Over the past few years, it has become increasingly clear that this critical regulatory system becomes dysfunctional in certain disease states, such as Alzheimer's disease, Huntingdon's disease, and amyotrophic lateral sclerosis. 11 With respect to the cardiovascular system, recent studies have suggested that myocardial ischemia, 12, 13 certain mutant protein-associated cardiomyopathies, 14 atherosclerosis, 15 and even diabetes 16 may be examples of proteasomal dysfunction disorders.
Despite all of the evidence supporting the critical role that the UPS plays in these processes, little is know about how the 26S proteasome itself is regulated. The majority of studies have focused on substrate specificity and selectivity, function of the ubiquitin protein ligases or E3s, as a means of regulating activity of the UPS. Specificity can be accounted for by the sheer number of E3s, probably numbering in the thousands, with each recognizing specific motifs on individual substrates. Regulation of the UPS in this manner has been reviewed extensively elsewhere. 1, 17, 18 Very few studies have examined regulation of proteasome activity once a substrate is ubiquitinated.
New Regulatory Insights
In this issue of Circulation Research, Ping and colleagues 19, 20 present companion articles that provide new insights into some of the factors that may regulate substrate selectivity and activity of the murine cardiac 26S proteasome. Both of these studies have used an exhaustive, exceedingly well-executed proteomics approach to characterize the murine cardiac 26S proteasome and describe associating proteins that play a role in regulating activity. The magnitude of this analysis and exhaustive attention to detail prompted one reviewer to quite appropriately refer to these studies as a "tour de force."
In the study by Gomes et al, 19 multidimensional chromatography was used to obtain highly purified, functional 20S proteasome complexes and 19S regulatory particles, the 2 main components of the 26S proteasome (reviews on proteasome structure have been published previously 1, 2 ). These were subjected to 2D gel electrophoresis and tandem mass spectrometry analyses, which revealed rather surprising heterogeneity in expression of the constitutive ␤1, ␤2, and ␤5 subunits and their so-called inducible immunoforms (␤1i, ␤2i, and ␤5i). These subunits represent the catalytic sites within the 20S proteasome and are responsible for the caspase-like, tryptic, and chymotryptic activities of the proteasome, respectively, and can be replaced by immunoforms in response to the cytokine, ␥-interferon, to form the immunoproteasome. 4 This is an extraordinary observation as it suggests a level of complexity heretofore unknown for the cardiac proteasome and also suggested that ongoing processing of cell-surface antigens might be occurring in the heart and that, perhaps, this organ is more immunologically active than previously thought. These investigators then demonstrate the existence of a novel alternate splice isoform of the 19S regulatory particle subunit, Rpn10, the primary ubiquitin recognition site of the 26S proteasome. Whether this splice is specific to murine heart is unclear at this time. Lastly, 3 distinct posttranslational modifications of various 20S proteasome and 19S regulatory particle subunits were characterized, including: N-terminal acetylation, which is thought to play a role in protein stabilization 21, 22 ; N-terminal myristoylation, which may target proteins to membranes 23 ; and phosphorylation, which is further examined in the companion study.
The companion study by Zong et al 20 is a further examination of the regulatory role of posttranslational modifications of proteasome, in this case, phosphorylation. Using 2D gel electrophoresis, immunoblotting, and tandem mass spectrometry, the first phosphorylation profile for murine cardiac 20S proteasome subunits was developed. Phosphorylation was detected on multiple subunits (␣1, ␣6: serine, threonine, and tyrosine; ␣2, ␣3, ␣6, ␣7, ␤2: serine). Separation and analysis of purified, functional 20S proteasome revealed the presence of the ␣, ␤, and c subunits of protein phosphatase 2A (PP2A), and the catalytic ␣ subunit of protein kinase A (PKA) residing in close association with the native 20S proteasome complex. Inhibition of PP2A with okadaic acid marginally (20%) enhanced all 3 proteolytic activities of the proteasome to similar degrees, suggesting a nonspecific general effect of phosphatase inhibition. In contrast, incubation of purified 20S proteasome with different amounts of recombinant PKA increased caspase-like (␤1) and chymotryptic (␤5) activities by a maximum of 2-fold, whereas tryptic (␤2) activity was only marginally increased. The specific targeting of 20S proteasome subunits by PKA and PP2A was documented by examination of the phosphorylation profile in the presence of these 2 proteins. PP2A was observed to diminish serine phosphorylation on multiple subunits, and threonine phosphorylation on only the ␣1 subunit. In contrast, PKA markedly changed the profile and revealed additional subunits subject to phosphorylation. PKA enhanced serine phosphorylation of the ␣1, ␣2, ␣3, and ␤2, ␤3, and ␤7 subunits, whereas threonine phosphorylation was enhanced on the ␣3, ␤3, and ␤7 subunits. PKA has previously been shown to copurify with and phosphorylate at least 2 subunits of 26S proteasome isolated from bovine pituitary. 24 The identities of these subunits were unclear, but the nomenclature used suggests these to have been part of the 19S regulatory particle. Thus the study by Gomes et al 19 is the first to unequivocally show that PKA has specific molecular targets on the murine cardiac 20S proteasome, several of which (␣1, ␤2, ␤3, and ␤7) are unique to this organ and that phosphorylation is regulatory.
Perspectives
The studies by Gomes et al 19 and Zong et al 20 suggest intriguing possibilities for altering activity and function of the 26S proteasome, including: (1) altering proteasome subunit configuration through directed assembly to change substrate specificity; or (2) changing activity via posttranslational modification, eg, phosphorylation, of proteasome subunits.
Assembly
The catalytic core 20S proteasome is composed of 4 stacked heptameric rings; 2 outer homologous ␣ rings, and 2 inner ␤ rings previously thought to be homologous. Assembly of this structure involves the chaperone-mediated mating of 2 halfproteasomes, each containing one ␣ ring and one ␤ ring. 25 Formation of the "immunoproteasome" involves the substitution of the immunoform for one or more of the constitutive catalytic ␤ subunits, which all evidence suggests to occur during the formation of the half-proteasome. 4 To obtain the degree of intraproteasome ␤-subunit heterogeneity suggested by Gomes et al 19 would require the mating of 2 halfproteasomes with distinctly different configurations (see Figure 1 for example) . This heterogeneity could conceivably alter specificity and selectivity of the 26S proteasome for various substrates, as has been suggested for immunoproteasome to account for cell surface antigen diversity. 26 Dahlmann et al 27 have previously reported the presence of multiple subtypes of 20S proteasome in skeletal muscle that vary with respect to their enzymatic characteristics and substrate cleavage sites. Furthermore, a shift from constitutive to immunoproteasome has been reported in aging muscle, 28, 29 possibly to compensate for altered protein metabolism. In light of these reports, it is tempting to speculate that one way proteasome activity and function are regulated is via changes in catalytic subunit configuration, or, to put it another way, not all proteasomes are the same. What is not clear is the conditions that would signal for a half-proteasome with one particular configuration to join with another halfproteasome with a totally different configuration; or, for that matter, to incorporate the observed alternate splice isoform of the Rpn10 subunit into the 26S proteasome, which could alter recognition of ubiquitinated substrates. This is a critical question, as the observations of Gomes et al 19 suggest the rather intriguing possibility of altering proteasome configuration through either genetic or mutagenic manipulations to direct degradation of specific classes of proteins, which could conceivably have profound effects on cardiac pathophysiologies. Clearly, additional studies are necessary to better define the signals and/or conditions that regulate assembly of the various subtypes of 26S proteasome and whether this process can be altered to achieve some beneficial effect. Under the influence of ␥-interferon, select ␤ subunits are replaced by their immunoforms which are directed by the complete ␣ rings to form half-proteasomes with specific configurations. In the example shown above, the top half-proteasome has constitutive ␤2 and ␤5 subunits and the ␤1 subunit has been replaced by the immunoform. The bottom halfproteasome, inverted to show its orientation before mating, has a constitutive ␤1 subunit, but the ␤2 and ␤5 subunits have been replaced by their immunoforms. These 2 distinctly different halfproteasomes mate to form a mature 20S proteasome that has a heterogeneous configuration. (For potential configurations, see Gomes et al. 36 ) For the sake of clarity, the involvement of the chaperones PAC1 and PAC2 and the maturation factor POMP are not depicted here.
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Regulation of Proteasome
Posttranslational Modification of Proteasome Subunits
Proteasome is known to be phosphorylated on numerous subunits exhibiting diverse domain, species, and tissue variability. Before the study of Zong et al, 20 the known phosphorylated subunits on mammalian 20S proteasome included ␣2, ␣3, ␣4, ␣5, ␣6, and ␤6. 30 The studies of Zong et al 20 have identified several additional phosphorylated subunits on the 20S proteasome, and it is likely that with continued research more subunits will be identified, particularly on the 19S regulatory particle. With few exceptions, the functional significance of phosphorylation is unknown. Mason et al 31 identified the ␣3 and ␣7 subunits of 20S proteasome isolated from Rat-1 fibroblasts as being phosphorylated by the associating protein kinase, casein kinase II. Dephosphorylation of these subunits resulted in decreased peptidase activities, suggesting a regulatory role for phosphorylation. Bose et al 32 have shown that phosphorylation of the ␣7 subunit may also play a role in stabilizing the 26S proteasome. There have been even fewer studies of functional significance of phosphorylation of the 19S regulatory particle, even though this component contains a multitude of phosphorylation sites. In this regard, phosphorylation of the ATPase subunit Rpt6 and subsequent interaction with the ␣2 subunit plays a critical role in attachment of the 19S regulatory particle to the 20S proteasome. 33 The critical role of subunit phosphorylation in regulating assembly, function, and activity of 26S proteasome is an area meriting intense scrutiny. However, just as critical is identification of the protein kinases that phosphorylate proteasome, their molecular targets, and effects on function of this critical regulator. The studies of Zong et al 20 unequivocally show that PKA regulates activity of murine cardiac 20S proteasome through direct phosphorylation of multiple subunits some unique to the murine heart. PP2A had a more subtle, generalized effect diminishing phosphorylation of several subunits independent of the action of PKA, suggesting the presence of additional associating protein kinases whose identities are unknown at this time. Perhaps the most intriguing implication of this study is the suggestion that cellular signal transduction pathways regulate function and activity of the 26S proteasome. The UPS is already known to regulate numerous cellular signaling pathways, including NF-B, 34 JNK and JAK-STAT, 7 and PKC pathways, 35 to name a few. Although it is not clear that the same is true for the PKA pathway, many of these pathways interact through extensive crosstalk networks, suggesting the exciting possibility that signaling pathways that are regulated by proteasome also feedback and regulate proteasome. If this is true, it would indicate a previously unknown complex level of regulation of signal transduction pathways in which the interaction of signaling molecules with proteasome would regulate degradation of these same molecules, which could act to either amplify or dampen a biological signal. In theory, this could represent a means by which a gene product could feedback to regulate its own availability ( Figure 2) .
Obviously, many questions remain and much research needs to done. One of the more pressing questions is how does subunit phosphorylation affect proteasome peptidase activity? Does this result in alteration of ␣-subunit configuration such that entrance into the catalytic chamber is more or less efficient or is it an allosteric effect that changes the kinetics at the catalytic site? Could another mechanism be alteration in recognition or unfolding of ubiquitinated proteins by phosphorylation of 19S regulatory particle subunits? Lastly, a critical step would be to develop profiles of the known proteasome subunit protein kinase consensus sites with determination of the effect phosphorylation has on 26S proteasome activity.
Concluding Statement
The studies by Gomes et al 19 and Zong et al 20 have provided new insights into different levels of regulation of the murine cardiac 26S proteasome, suggesting potentially intriguing possibilities for altering function and substrate selectivity. The 26S proteasome is intimately involved in regulation of many cell functions that it accomplishes via a degradative process. Any research increasing current knowledge of processes regulating this critical regulator could provide insights into disease processes. The current cardiac disease research and treatment paradigms focus on activation and upregulation of signaling pathways. The concept that degradation plays just as important a role in regulating these pathways is often In this scenario, binding of an agonist with a cell surface receptor initiates a phosphorylation cascade with an end effector protein kinase kinase kinase (PKKK) phosphorylating some transcription factor that can then enter the nucleus and interact with DNA, resulting in gene transcription. Phosphorylation of signaling intermediates, in this case the transcription factor, is often a signal for ubiquitination and targeting to the 26S proteasome for degradation. To amplify or dampen the effect of the signaling intermediate, any one of the protein kinases within the cascade might phosphorylate proteasome subunits, resulting in increased or decreased peptidase activity, would lessen or enhance availability of the signaling molecule accordingly. Another possibility would be for the gene product to activate a different protein kinase (PK1), which would phosphorylate proteasome resulting in activation and thus decreased availability of the transcription factor, essentially a form of feedback control.
overlooked even though at any given point in time, the levels of a signaling molecule is dependent on its formation and degradation. Recognition of this reality could shift this paradigm and have vast implications for treatment of cardiac diseases.
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